Mode-hop suppression in a tunable laser employing a Littrow grating can be obtained through a simultaneous sweep of the Littrow grating angle and cavity length. The simplest way to obtain such coupled movements is to rotate the Littrow grating about a particular axis: We show theoretically and experimentally that it is necessary to improve the formalism used in previous calculations to treat the problem correctly. The current model explains the different choices made in previous studies and gives the optimal rotation point and mechanical tolerances to obtain a maximal continuous tuning range. It has been successfully tested experimentally.
Introduction
Recently it has been shown experimentally that it is possible to tune a laser wavelength on very wide ranges (240 nm near 1.45 pim) with an extendedcavity semiconductor laser employing a Littrow spectrograph. 1 ' 2 Such a range has been obtained with mode hops. However, a continuous tuning range without mode hops of 15 nm near 1.3 pum has been demonstrated with the same kind of extended-cavity laser. 3 4 This wide continuous tuning range has been obtained with a simple mechanical arrangement and no servo control was needed. Such a laser source is of great practical interest for any application such as spectroscopy or coherent optical communications that requires a precise tuning of the laser frequency. Moreover, as mode hops lead to frequency jumps that usually cannot be corrected by servo controls, a laser that is free of mode hops on a large spectral range can be efficiently frequency locked for long times. 5 In such lasers, the grating angle controls the wavelength Xr associated with minimum losses; however, the lasing wavelength also depends on the cavity length that determines resonant modes positions. the same rate to keep the lasing mode in a low-loss region. Such a condition was obtained in Ref. 1 using a rotation-translation combination of the grating position. Unfortunately, this solution involves a complex mechanical setup that obviously degrades the overall stability of the device.
It is also possible to use a grating rotation only. If the rotation axis is not on the grating the cavity length changes during its rotation, and the exact position of the rotation axis can be choosen to obtain continuous tuning (Fig. 1) . Although leading to smaller continuous tuning ranges, the arrangement presented in Fig. 1 is much simpler and thus highly interesting for practical purposes. We will limit our investigation to this configuration. However, up until now, the optimal rotation axis position was not Ref. 2 , it is believed to be at point R 2 as defined in Fig.  2 . As no precise theoretical justification was given for these rotation-axis positions, we have tried to study the problem rigorously to find the position of the true grating rotation point that provides optimum continuous wavelength tuning.
In Section 2 we extend the simple model used in Ref. 1 and show that the optimal rotation-axis position that is predicted by this model is a new point, R 3 , which has been tested experimentally. We then show that this simple model is not accurate enough to describe the physical situation completely. Finally, we present accurate calculations that precisely describe the spectral tuning of grating-tuned lasers and that lead to an accurate prediction of the best rotationaxis position. Such a calculation shows that continuous tuning ranges of 30 nm can be easily obtained with a single grating rotation and that the position tolerances are not drastic. Although the experimental verifications have been performed with extendedcavity semiconductor lasers, we believe that the model is applicable to any Littrow grating-tuned laser.
Laser Model
The laser (see Fig. 3 ) is composed of a gain region inserted into an optical cavity, which is defined by a mirror on the left side and by a Littrow grating mounted on the right side. The intersection of the laser axis and the grating plane is denoted by G. We take the origin of the axes at point 0 defined by OG = L = optical length of the laser cavity. To account for the refractive index of the gain medium or other optical components, we make OG longer than the geometrical cavity length. With this definition we can omit the existence of a gain medium in the calculations. The first diffraction order of the grating is reflected back to the cavity for a grating angle 0. We suppose that the wavelength Xr reflected exactly on the cavity-axis direction is the minimum-loss wavelength. For a grating period a, Xr is given by X = 2a sin 0.
The spectral width of the grating-loss curve mainly depends on the angular selection elements that are present in the cavity (e.g., stops), but it is not essential for this calculation. The resonant cavity-mode wavelengths q are given by the well-known expression where L is the cavity optical length and q is the longitudinal mode number. We then assume that the grating is rotated about an axis R(zo, yo) parallel to the grating lines and that before any grating rotation its initial angle is 00, the cavity optical length is L, and the qth mode frequency is exactly at the minimum-loss frequency Xr:
When the grating is rotated the angle 0 varies and thus Xr is shifted. Unless the rotation axis is at the intersection of the optical axis and the grating plane, the cavity length L changes with 0, leading to a shift of the qth resonant mode wavelength that becomes a function of 0. We are interested in the difference,
which is zero for 0 = fi and must remain equal to zero as long as possible for a large grating rotation. The function F(0) represents the shift of the dominant mode relative to the minimum-loss wavelength when the grating is rotated. If F(0) remains smaller than half the cavity-mode spacing AX, the qth mode will stay dominant and no mode hop will occur while the wavelength is tuned. Therefore, the condition for mode-hop suppression is
This condition is obtained for 0 = 00 and can be maintained for large 0 -Oo values if the derivatives of F(0) vanish at 0 = 00.
Simple Model
It is usually assumed that the optical length of a cavity terminated by a Littrow grating is the length that is measured on the symmetry axis of the beam received by the grating (optical length L = OG). It is possible to compute L(0) analytically: 
where YR and ZR are the coordinates of the rotation axis R. The function F(0) is then computed using by using Eqs. (3), (2) We attempted to make an experimental verification of the above predictions with a 50-mm-long, extendedcavity semiconductor laser. The laser diode was a 1.5-pLm buried heterostructure that was antireflection coated on one facet with a residual reflectivity lower than 1%. The lens was a 0.5 N.A. antireflection-coated microscope objective, and the grating had 1200 lines/mm. Its rotation axis R was a flexure pivot and the moving arm was actuated by a dc motor. To move R on the laser baseplate, we mounted it on two perpendicular translation stages that were blocked for each position of R.
The laser-frequency sweep was monitored by a Fabry-Perot interferometer that had a 10-GHz free spectral range and a 500-MHz resolution.
When R is moved around R 1 , it is clearly observed that the continuous tuning range increases from values lower than 0.1 nm to several nanometers for an optimized position. The best continuous tuning range we obtained was of the order of 1 nm; however, this is not necessarily the maximum continuous tuning range that can be obtained, because we were probably limited by experimental effects such as mechanical misalignments or nonperfect antireflection coating on the laser diode.
After demonstrating that a rotation around R 1 actually led to mode-hop suppression, we attempted to rotate the grating around R 3 , which was supported to be better; surprisingly, such a rotation did not provide any sign of continuous tuning-range enhancement. The continuous tuning range stayed lower than 0.1 nm regardless of the R position relative to R 3 .
Grating Translation in its Plane
The previous results suggested that the model was not accurate enough to describe the physical situation precisely; we therefore understand that a simple physical effect associated with gratings was neglected in the previous model.
In our simple model a grating translation in its plane (along translation vector t) was supposed to produce no effect because it did not change 0 or L.
In fact, we have found that a grating translation 8t in its plane leads to a phase change of by = 2ir7t/a, giving rise to a mode hop for each time the grating has been translated by one pitch (8t = a). In Appendix A we show that the total phase change of the laser wave for a complete round trip in the cavity is given by (6) where L is the optical distance (OG) where G is the intersection of the optical axis referenced to the optical beam (symmetry axis of the beam after the collimating lens for an even optical amplitude distribution), to is the distance GMo from G to a grating groove MO taken as reference, and 4 'A is a phase factor depending on the laser-beam amplitude distribution.
The resonance frequencies of the laser cavity are defined by A = 2qr.
(7)
They are thus shifted for a grating translation in its plane (a variation of to) without any shift of the grating-selection curve (see Fig. 1 ). Assuming that the lasing mode has the wavelength Xr at the beginning of the translation, the adjacent mode will be dominant for translations t > AX/2 and the laser frequency will jump. However, for a translation bt = a, the initial physical situation is recovered and the laser frequency is recovered too. The laser frequency thus stays in the range Xr ± AX/2 but jumps back periodically during the grating translation.
It is important to notice that such a grating translation does not lead to an expansion of the longitudinal mode resonance-frequency scale, as expected with a cavity-length variation, but rather to a pure translation of the resonance-frequency positions. The mode number q defined by Eq. (7) will be increased with the translation, but it has no physical meaning (it no longer corresponds to the number of half-wave periods contained in the cavity that is recovered after a translation of St = a).
In an extended-cavity semiconductor laser the grating was mounted on a piezoelectric element that translated the grating of 1200 lines/mm in its plane, while the laser frequency was monitored with a Fabry-Perot interferometer.
Periodic mode hops were observed during grating translation. The grating movement was monitored with an inductive position sensor that had a resolution of 0.1 nm: It was thus easy to measure that mode hops occurred with a period At = 0.88 plm, which is close to the grating pitch of a = 0.83 ,im.
This experiment shows how important this effect is for continuous tuning of the laser. It obviously has to be taken into account in a precise description of the laser tuning.
Improved Model
Taking into account the phase variation described by Eq. (6) For simplicity we will assume that for 0 = 0 the reference-grating facet is exactly on the laser axis [to(0o) = 0] and that there is one resonant mode at the minimum-loss wavelength [F(0 0 ) = q(00) -
Then F(0) can be written as:
Determination of Optimal Rotation Points
We are interested in the first derivative F'(0 0 ):
To the first order near 0 = 00 we have Continuous tuning range as a function of the ZR coordi-
which gives 00) is calculated by using Eq. (5), which permits us to calculate F'(0o). It is then easy to find that F'(0 0 ) reaches zero for
Therefore, the optimum rotation points that provide continuous tuning at first order are the points of the line (R 1 R 2 ) defined in Fig. 2 .
This result clearly demonstrates why points R 1 and R 2 suggested in Refs. 1 and 2 gave an enhanced continuous tuning range although they were at different locations.
We can now make an expansion of F(0) to the second order for the points of the line R 1 R 2 if we set the value ofYR given by Eq. (9). We obtain
Therefore, the optimum rotation point that provides continuous tuning to the second order of F(0) is R 4 , which is also shown in Fig. 2 . The optimal rotation point predicted by the current complete theory is thus not located at either R 1 or R 2 .
Numerical Evaluation
To find quantitative results concerning continuous tuning, we have numerically computed the exact function F(0) given by Eq. (8) for various parameters. The laser-cavity optical length was Lo = 20 mm and the grating had 1200 lines/mm (a = 83.4 jlm). The reference wavelength was X(0 0 ) = 1.5 jim.
In Fig. 4 we have set YR = Lo/tan(OO) to move the rotation point on the straight line (R 1 R 2 ), and for each rotation point defined by its ZR coordinate we have rotated the grating to tune the wavelength and computed the corresponding value of F(0). The curve represents the tuning range without mode hops around 15 jim as a function of the ZR coordinate. It is clearly seen that the maximum continuous tuning range is of the order of 35 nm and is obtained for the point R 4 (ZR = -LO) as we expected. Moreover, it can be seen that if the rotation point stays on the (R 1 R 2 ) straight line, the continuous tuning range remains rather large for ZR variations: for instance, at ZR = 0 (point R 2 ), it remains of the order of 10 nm.
In Fig. 5 we have represented the regions of the plane (YR, ZR) in which the rotation point should be placed to obtain a continuous tuning range of 5, 10, and 20 nm. It should be noticed that the scales are different in the z and y directions: The precision required to obtain mode-hop suppression is much higher in they direction. Therefore, the z position of the rotation axis can be set at construction, but the y position of this axis has to be adjusted precisely.
Experimental Verification
To verify the model developed above, we made a 50-mm-long, 1.3-jim extended-cavity laser employing a Littrow grating of 1200 lines/mm. At construction the grating rotation axis R was set approximately at R 3 , but it was easier to translate the diode finely and the collimating objective along the optical axis to adjust R precisely on the (R 1 , R 2 ) line: this process leads to a slight cavity-length variation and a translation of the (R 1 , R 2 ) line in the y direction. The frequency variations were monitored as described in Section 2.
As we expected, we observed a considerable improvement concerning mode-hop suppression when the (R 1 , R 2 ) line was moved to the rotation point R. The best continuous tuning range we obtained with this laser was 5.5 nm. We suspect that the range was mainly limited by the nonperfect antireflection coating of the laser because the mode hops we observed were often correlated with the periodic power variations during tuning that come from the intracavity etalon effect of the laser diode.
Although far from the maximum continuous tuning range that is theoretically possible, the continuous tuning range that was obtained could be useful in a practical application. Moreover, this experiment shows that mode-hop suppression using this method is also observed for a rotation point that is not predicted by previous theories, we believe that it clearly demonstrates the validity of our model.
Conclusion
We have shown that the mechanisms involved in mode-hop suppression for a grating-tuned laser are not as simple as they seem at first sight: Effects associated with grating translation in its plane lead to important modifications of the theoretical predictions. We have successfully verified experimentally the accuracy of our model, which agrees perfectly with observations from other authors and gives interesting new results.
Our theoretical preditions allowed us to make a laser that was continuously tunable without mode hops on a 5.5-nm range near 1.3 plm. However, we have also shown that much broader tuning ranges (more than 30 nm) are theoretically possible without mode hops by using this method.
Appendix A: Round-Trip Phase Change of the Laser Wave
In Fig. 6 we see that X(y) is the optical beam amplitude distribution that is incident on the grating; we assume that the grating surface is large relative to the beam dimensions and that the optical axis is referenced to the beam (symmetry axis for a symmetrical beam or another fixed position for a nonsymmetrical beam). The distribution .W(y) is sampled by each grating facet Mp; the reflected wave is therefore the sum of the waves Vp(y) diffracted by each facet. Such a laser contains an aperture D that selects the oscillating wavelength (for a laser-diode amplifier, the aperture is the diode-waveguide entrance). We are thus only interested in the round-trip reflected amplitude value MD of a wave that has been almost completely transmitted on D. This amplitude can be written as
WD = 1-(y)exp(i,~,),
where Up = +(Mp) is the round-trip phase associated with the wave reflected by thepth facet of the grating. With our definitions, the total round-trip optical path length associated with the pth facet wave is 2zp; therefore,
with zP = L -yp tan 0.
The amplitude RD can be written as an integral:
x comby(y -y 0 )exp(ipy)dy, where combA (y) is a comb distribution with a period of Ay = a cost) and p = (47r tan 0/X). The integral can be viewed as a Fourier transform:
where we use the following definition for the Fourier transform:
Using the properties of Fourier transforms, we find that
In a practical case, the grating is supposed to work on its first order; the point /2,r where the function should be evaluated is therefore close to i/Ay.
Moreover, when
] ] is narrow compared with l/Ay, the contribution of other orders to the function value at the point p/2rr is negligible. We can thus write MD as It is also clear that the round-trip phase change does not depend only on the cavity length OG, but also on the distance GMo from the axis to the nearest grating facet. If there is a grating facet on the axis then the corresponding phase is zero, but if the facet distance to the axis is varied (even for a grating translation in its plane), then the round-trip phase change is also varied.
We are grateful to J.C. Bouley and J. Landreau of the Centre National de la Recherche des T6l6commu-nications (CNET) for providing antireflection-coated lasers and to F. Favre of CNET for fruitful discussions. 
Mode-hop suppression of Littrow grating-tuned lasers: comment

Haim Lotem
Mode-hop-less tuning is achievable in a Littrow cavity for an axis of rotation at the intersection of the grating plane with a front mirror.
In a recent paper de Labachelerie and Passedat discuss the optical properties of a grating-tuned laser. Their analysis takes into account the double-pass shift of a plane wave that is propagated along the axis of the cavity. They conclude that a grating with an axis of rotation located at point R 4 , as defined by 
Mode-hop suppression of Littrow grating-tuned lasers: erratum Introduction
The authors of the paper entitled "Mode-hop suppression of Littrow grating-tuned lasers,"' are grateful to H. Sasada who pointed out an algebraic mistake in that paper. The authors acknowledge that mistake and make all necessary corrections in this paper. The purpose of Ref. 1 was to analyze the resonant mode-shift behavior of laser cavities that have a Littrow mounted grating as a wavelength-selective element (Fig. 1) . If the grating is rotated about a well-chosen point R(Zr, yr), the cavity's resonant wavelength Xq and the grating-selection wavelength Xg can be tuned synchronously to eliminate mode hops while the laser frequency is tuned. Reference 1 provided a comprehensive model that explained previous experimental observations 2 3 quite well. However, because a second-order term was dropped in the calculations, the final result must be corrected.
Correction
In Ref. 1 it was pointed out that, to describe the problem of mode hop properly, it is necessary to account for a phase shift is due to the grating translation that occurs in the grating plane to(0) and that generally accompanies the grating rotation (see Fig. 1 ). This phase shift appears naturally in the framework of Fourier optics, and its importance has been emphasized previously in a quite different prob- 
Discussion
To clarify this matter further we can set R 2 (defined for the beginning of the scan) to be the origin of coordinates and, within the framework of Ref. from 00. Also,
is the wavelength selected by the grating (whose period is a) and Xo is the value for 0 = 00. The phase shift' (A depends on the beam profile and becomes independent of + and X in the frequent case of purely symmetric or antisymmetric beams, if the beam symmetry axis is chosen as the optical axis. 
If mode-hop suppression for a 15-nm tuning range at X 0 = 1.5 [um is to be obtained with a reasonable value of 0 = 60°, a misadjustment of Az 10 mm is tolerable if R is set precisely on line RIR 2 . However, Ay < 40 pm is required if R is moved on the line Az = 0. It must be noted that this continuous tuning range does not depend on the cavity length L, and that the tolerances are less stringent for lowerdispersion gratings (lower 0). For the experimental y point R 4 that was reported in Ref. 1, Eq. (6) predicts a 7.5-nm continuous tuning range, which is consistent with the 5.5-nm measured value.
Comments on the Model
We are grateful to H. Lotem 5 for drawing our attention to a very interesting paper 6 that we unfortunately missed and that previously analyzed the same problem as that in Ref. 1 . A careful comparison between that study and ours incites us to underline our specific contribution: In Ref. 6 , the authors consider the particular case of plane waves of infinite extent. The wavelength response of the system is then a Dirac impulse, and thus no wavelength other than Xg can exist in the cavity. In that particular case, the round-trip phase shift at Xg can be obtained from the distance L, from the mirror Ml to any arbitrary grating facet n (see Fig. 2 ), because the remaining contribution will be exactly 2r. Thus they have chosen a particular grating facet that leads to simple calculations, but they point out that in their framework, all "optical axes" perpendicular to Ml are equivalent; therefore, it is impossible to define a cavity length or a cavity mode spacing, although this quantity could easily be measured experimentally. In our case we developed an independent picture in which we considered from the very beginning the more realistic case of limited beams. To compute the cavity phase shift, we separated the contribution of the optical path from Ml to the grating measured on a somewhat arbitrary reference Oz axis. However (see App. A of Ref. 1) an important point should be emphasizes: At least in the case of purely symmetric or purely antisymmetric beams, such as HermiteGaussian beams and if the beam symmetry axis is taken as the reference, additional contributions to the cavity phase shift become independent of the wavelength and thus do not contribute to the cavity mode spacing. Therefore the cavity length L measured on that particular Oz axis (Fig. 2) is exactly the true cavity length, which defines the cavity mode spacing. With this definition, we have X, = 4rrL/X + 2,rrto/a + lf -n PA, where the last terms are pure wavelengthindependent phase rotations that depend only on the beam symmetry and the distance to from an arbitrary grating facet to the point P, defined in Fig. 2 .
The form of the model described in Ref. 1 was developed mainly to achieve an accurate description of simple physical quantities, such as cavity length, in a realistic limited-beam case. Therefore, we believe that such a picture is somewhat more general than that in Ref. 6 because it describes the physical situation more precisely.
However, it can easily be checked that our corrected expression [Eq. (2)] coincides exactly with the expression obtained in ref. 6 when the beam-shapedependant phase shift A is set to zero. Therefore, from the comparison of both approaches we can conclude that, although our picture is more accurate, it does not modify the final result significantly, and therefore the simple plane-wave model of Ref. 6 is sufficient to describe, in realistic cases, the condition for mode-hop suppression in grating-loaded laser cavities.
Conclusion
We hope that this correction allows a deeper understanding of the problems associated with gratingloaded laser cavities and that the condition for modehop suppression is now well established. We apologize for the algebraic mistake in Ref. 1 that may have confused the topic, and we thank the people who helped to detect and correct it. Finally, we acknowledge the importance of Ref. 6 and agree completely with their result, which was also found independently in our somewhat different framework.
